INTRODUCTION
One possible advantage of growing crops in mixtures is that intercrops may exclude or suppress weeds more effectively than monocultures of the component crops. Since many crop mixtures, particularly cereal/legume combinations, show substantial yield advantages over monocultures (Sanchez 1976; Willey 1979a, b) , it is possible that intercrops use available resources more completely, thus leaving less opportunity for establishment and growth of weeds (Igbozurike 1971; Plucknett et al. 1977) . There have been only a few experiments, however, that actually test the effect of intercropping on the abundance, productivity, and species composition of associated weeds (for reviews see Moody 1977; Moody & Shetty 1981) .
The experiments reported here explored the effect of pure and mixed crops of barley and field pea on the natural weeds in two fields near Ithaca, New York, U.S.A. A barley/ pea system was chosen because: (i) mixtures of small grains and pulses are grown by farmers throughout the world (Kipps 1970; Purseglove 1972; X.-G. Zhang, personal communication) ; (ii) these mixtures have been shown to give distinct yield advantages over monocultures (Papadakis 1940; Mirchandi & Misra 1957; Shannon & Lawson 1975 ; M. Liebman, unpublished data) and thus might be expected to compete strongly with weeds; (iii) barley and pea are small plants and therefore experimental plots can be small enough to limit within-and between-plot heterogeneity in the weed community.
METHODS

Sites and preparation
In order to assess the generality of our results, experiments were run in two widely separated locations in the vicinity of Ithaca, New York. Both sites were on moderately well drained Langford channery silt loam soil (a fine-loamy mixed mesic Typic Fragiochrept).
The Turkey Farm site had been used as a mixed species hayfield for several years prior to the experiment. In October 1981, the area was sprayed with Roundup herbicide to kill perennials. It was then ploughed and disced in May 1982 and left fallow for the remainder of the 1982 growing season. Weedy annuals grew profusely during 1982 and in early October we redistributed by hand, and then disced in, whole plants of the three dominant annual weeds, Brassica kaber (DC) L. C. Wheeler, Ambrosia artemisiifolia L., and Chenopodium album L., in an effort to make the buried seed pool homogeneous throughout the field. In early April 1983, the field was rototilled and raked to remove rocks and rhizomes of perennial species, particularly Agropyron repens (L.) Beauv. We planted the experimental plots on 11-17 April 1983.
The Warren Farm site had been in corn and alfalfa for many years, but in 1981 and 1982 was used for cropping experiments similar to those described here. In late April 1983, the field was fertilized with 10-10-10 N-P205-K20 fertilizer at the rate of 790 kg ha-' and then rototilled to prepare a seed bed. The experimental plots were planted on 17-18 May 1983.
At both sites, the field was gridded into five blocks, each containing eight 1-5 m x 1 m plots arranged in a row. Each block contained one plot each of low-and high-density pea and barley monocultures, a low-and a high-density intercrop, and two unplanted control plots. Half-metre wide buffer plots of high-density barley were planted at the ends of each block. Varieties used were Alaska Green field pea and Lud barley, which was treated with fungicide. The peas were inoculated with Rhizobium immediately before planting.
All planting was done by hand on 15 cm row spacing. Low-and high-density barley monocultures were planted at 44 seeds per metre of row (293 seeds per square metre) and 88 seeds per metre of row (587 seeds per square metre), respectively. Pea monocultures were planted at 16 seeds per metre of row (107 per square metre) and 32 seeds per metre of row (214 seeds per square metre). For both species, the lower density approximates commercial planting density. Intercrops were planted by alternating rows of peas and barley with either both crops at the high density or both at the low density. Densities of crop plants at final harvest are shown in Table 1 .
Possibly due to the late planting date, germination was poor at Warren Farm. Rather than eliminate the experiment entirely, the low-density plots were abandoned and the high-density plots were thinned to make a set of low-density plots with a full complement of plants. Later, the pea and barley monocultures in Block 5 at Warren Farm were accidentally weeded by a field assistant which effectively eliminated them from the experiment. Thus, for the Warren Farm experiment, there were four barley, four pea, and five intercrop plots, all at low density, plus ten unplanted controls.
In these experiments, no steps were taken to inhibit the emergence and growth of the weeds. As part of another experiment that will be described elsewhere, however, a similar set of plots at Warren Farm was hand weeded throughout the growing season and, for purposes of comparison, data on crop productivity of these plots is reported below.
Sampling and data analysis
Cover of each weed and crop species was visually estimated in each plot at the Turkey Farm on 6 June to assess the development of crop/weed relations early in the growing season. Cover estimates were also taken at the Turkey Farm (13 July) and at Warren Farm (7 July) after the crop/weed canopy was fully developed and beginning to senesce.
During a prolonged drought in June and July, it was noted at Warren Farm that Amaranthus retrofiexus L., the most abundant weed, was wilting in some plots. To determine whether Amaranthus was significantly more drought stressed in some crop treatments than in others, on 15 July, predawn water potential of randomly chosen plants of comparable size from each of the treatments was measured using a Schollander pressure chamber. Where replicate plants were taken from the same plot, the resulting values were averaged and the plot means were then subjected to analysis of variance.
When the crops were mature (mid-July at Turkey Farm and early August at Warren Farm), above-ground crop and weed biomass were harvested from a 0 60 x 0 42 m (0 25 m2) quadrat in the centre of each plot. Crop plants and weeds of the three most abundant species were separated by species, counted, dried to constant weight, and weighed. At Warren Farm, the weed species treated separately were, in order of overall abundance, Amaranthus retrofiexus, Chenopodium album, and Ambrosia artemisiifolia. At the Turkey Farm, the weed species treated separately were Brassica kaber, Ambrosia artemisiifolia, and Agropyron repens. Plants of the minor species were divided into those coming from seed during the 1983 growing season versus those arising from root or rhizome fragments. The two groups were then separately dried and weighed. The term productivity, as used below, refers to biomass at harvest, expressed on a per square metre basis.
Intercrop yields were assessed by calculating the relative land area required to produce, from weedy sole crops, the same yields as were achieved by the weedy intercrops. Oyejola & Mead (1982) . Component LERs for the two individual crops in each intercrop plot were calculated by dividing the above-ground productivity (g m-2) of each component by its mean productivity, across replicates, in monoculture. Total LER of each intercrop plot was calculated by summing the component LERs within that plot, and the mean LER of the replicated intercrop plots was compared to an LER value of 1 using a one-sided paired t-test (Snedecor & Cochran 1980) . Oyejola & Mead's (1982) method of computing LER eliminates the variation in LER which is due to variability in sole crop yields. As a result, the standard error of the LERs was an underestimate of the variability in yield advantage due to intercropping, and the significance level of the t-test was correspondingly optimistic. Despite this problem the method was preferable to computing the LER for each replicate using the sole crop yield for only that replicate (Oyejola & Mead 1982) .
Intercrop data from the Turkey Farm site were evaluated both as substitutive and additive series: low-and high-density intercrops were compared to the respective low-and high-density monocultures, and the high-density intercrop was compared to the lowdensity monocultures. Data from the Warren Farm were evaluated only as a substitutive series since only one crop density was harvested there.
Data on weed productivity, cover, density, and species richness were subjected to analysis of variance. To stabilize the variance, productivity values were log transformed and percentage cover values were converted to proportions and subjected to a square root-arcsine transformation prior to analysis of variance (Snedecor & Cochran 1980 ). Principal components analysis (PCA) was used to explore possible differences in weed community composition among treatments. Weed productivity values for each plot were first converted to percentages of the total weed productivity of the plots. This was done to prevent differences in relative composition from being obscured by the large plot-to-plot variation in total weed productivity. Data were then subjected to PCA with species standardized to zero mean and unit variance (i.e. the analysis was performed on the species correlation matrix). Standardization avoids some of the problems with PCA discussed by Gauch, Whittaker & Wentworth (1977) . The statistical differences among treatment groups revealed by PCA were assessed by subjecting the first and second axis plot scores to analysis of variance.
RESULTS
Crop productivity
In spite of interference from dense stands of weeds, both barley and pea produced substantial amounts of biomass (Table 1) . Furthermore, the relative productivity of the cropping treatments was not greatly affected by the presence or absence of weeds. With both low-and high-density weedy treatments, the above-ground biomass produced by the three crop types was in the order barley > intercrop > pea (Table 1 ). The same pattern of crop productivity occurred under weed-free conditions (Table 1) .
Evaluated as Land Equivalent Ratios (LER ; Willey 1979a; Mead & Willey 1980) , the high-density intercrop at the Turkey Farm gave a 26% yield advantage over the highdensity monocultures (LER= 1-26, t4d.f.=2 27, P< 0 05). When the high-density intercrop was evaluated as the additive mixture of the two low-density monocultures, the intercrop yield advantage was 96% (LER= 1 96, t4d.f.=5 22, P<0 01). The low-density weedy intercrops at the Turkey Farm and Warren Farm sites and the low-density weedfree intercrop at the Warren Farm site showed statistically non-significant yield advantages (t4d.f.= 1 1 and t4d.f.= 1 0, respectively). A full analysis of crop data will be presented elsewhere.
Weed productivity
Analysis of variance showed highly significant differences in total weed productivity among crop types at both sites (P<0 001) and between the density treatments at the Turkey Farm (P< 0 001). Within density treatments weed productivity declined in the order: unplanted controls, peas, intercrop, barley (Table 2) . Weed productivity in the high-density intercrop at the Turkey Farm was almost identical to that in the lowdensity barley monoculture (Table 2) . Thus, in no sense did the intercrop show an absolute advantage in suppressing weeds.
Analysis of the weed productivity data on a species-by-species basis showed significant differences among treatments for Amaranthus retroflexus and Chenopodium album at Warren Farm and for Brassica kaber, Ambrosia artemisiifolia, and minor species from perennating fragments at the Turkey Farm (Table 2) . Most of these species followed the same general pattern of relative productivity among treatments as was observed for total weed productivity (Table 2) . Thus, the basic pattern of variation in abundance holds for species other than the locally dominant one. Analyses of variance of plant density at harvest did not show significance for any weed species, indicating that the pattern was due primarily to plasticity in the growth of weeds rather than mortality. Mean densities of the major weed species harvested at both sites are given in Table 3 . In general, weed cover at the July sampling closely followed productivity and will not be discussed further. The only weed with large cover at the 6 June cover census at the Turkey Farm was Brassica kaber. Analyses of variance for total weed cover and cover of Brassica were both highly significant, demonstrating that the basic pattern of differences in weed growth began early in the growing season (Table 2 ). Combined cover of crops plus weeds at that time averaged only 64% and was quite constant among treatments (treatment means ranged from 58 to 71%).
Pressure-chamber measurements of sap potentials of Amaranthus retroflexus at Warren Farm during the long drought showed large differences among treatments in the degree of water stress experienced by the dominant weed. In particular, water stress was greater in plots containing barley (barley sole crops and intercrops) than in plots without barley (pea sole crops and unplanted controls) ( Table 4 ).
Given that the weediness of the substitutive intercrop is intermediate between that of the two sole crops, it is of interest to know whether the intercrop had lower weed productivity than would be expected from the weed productivities of the two crops grown separately. Two approaches to this question were explored. First, if the pea and barley had a synergistic effect on the weeds, then weed productivity of the substitutive intercrop should differ from the average weed productivity of the sole crops grown at the same density. Figures 1 and 2 suggest a negative exponential relation of weed productivity to crop productivity which would imply that the average weed productivity of two sole crops should be computed as the geometric mean. Regardless of whether the geometric or arithmetic mean was used, there was no significant differences between the weed productivity of the substitutive intercrop and the average of the two corresponding sole crops (Table 5) . Second, there appeared to be a negative relation between crop productivity and weed productivity (Figs 1 and 2) . If barley and pea had a synergistic effect on the weeds when intercropped, then a difference in weed productivity between TABLE 6. Mean weed species richness (number of species per 1 5 m2 plot). One standard error of the mean is given in parentheses. Analysis of variance of the Warren Farm data showed significant crop effects (P < 0 05). For the Turkey Farm data, effects of sampling date and density were significant (P < 0001 and P < 0-05, respectively) but effects of crop, crop x density interaction and crop x density x sampling date interaction were not intercrops and sole crops with similar crop productivity would be expected. Unfortunately, the restricted range of planting densities prevented effective use of covariance analysis to test this hypothesis. However, from comparison of points for the intercrops with points for sole crops with similar crop productivity in Figs 1 and 2, it is clear that the intercrops were not better at weed suppression and may have been somewhat worse, particularly in the Warren Farm experiment (Fig. 2) .
Weed composition
At Warren Farm, species richness (number of weed species per plot) paralleled weed productivity, with fewest species in the barley plots and most in the unplanted controls (Table 6 ). Between the early and the late cover estimates at the Turkey Farm, species richness increased an average of 2 3 species per plot (significant at P < 0-00 1), but at the Turkey Farm the difference in weed species richness among crop types was not statistically significant. The high-density plots did have fewer weed species than the corresponding low-density plots (P < 0 05).
Principal components analysis of weed productivity data and subsequent analysis of variance of PCA plot scores showed that cropping treatment had a substantial effect on relative composition of the weed community (Figs 3 and 4 ; Table 7 ). Significant block effects in the analysis of variance indicate that composition of the weed community was also affected by within-field patchiness in the pool of buried weed seed (Table 7) . For the Warren Farm data the first PCA axis contrasts plots containing a relatively high proportion of Ambrosia with plots containing more Chenopodium and/or more of the minor species from perennating fragments; the second axis contrasts plots containing a high proportion of Amaranthus with plots containing more of the minor species from seed (Fig. 4) . Differences among treatments are expressed primarily on the first axis with some second axis participation. For the Turkey Farm data the first PCA axis contrasts the plots in block 1, which had a relatively high abundance of Agropyron and miscellaneous species from seed, with the plots in block 5, which had a greater abundance of Ambrosia (Fig. 3) . Most of the differences between treatments are expressed on the second axis, which contrasts plots containing a relatively high proportion of Agropyron with plots containing more Brassica and more of the minor species from perennating fragments ( Fig. 3 ; Table 7 ). Pr. = minor weed species from perennating root and rhizome fragments; Sd. = minor weed species from seed. Lines delineate regions within the ordination field occupied by particular treatments or groups of treatments. One unplanted control plot which lies away from the others is circled with a dashed line. Note that within the pea region low-density pea plots fall closer to the top of the field whereas high-density pea plots fall closer to the bottom. Similarly, within the intercrop plus lowdensity barley region, the high-density intercrop plots mostly fall close to the high-density barley region.
As can be seen from the position of various species within the ordination fields (Figs 3 and 4), in both experiments the dominant weed (either Amaranthus or Brassica) tended to do relatively poorly in the barley plots and increased in relative abundance in treatments with lower crop productivity, reaching maximum relative abundance in the unplanted controls. At the Turkey Farm Agropyron increased in relative abundance as the dominant was suppressed (Fig. 3) and at Warren Farm Ambrosia increased in relative abundance (Fig. 4) .
DISCUSSION
Weed productivity
Barley and field pea are competitive crops which can produce a substantial seed yield despite association with dense stands of annual weeds (M. Liebman, unpublished data). This is probably related to their large seed size which gives them a growth advantage over the weeds early in the growing season (Black 1958; Aspinall & Milthorpe 1959; Stanton 1984) . Of the weeds in this study, only Brassica kaber had such a rapid growth to maturity. Thus, the crops rapidly occupied space in the community thereby slowing the growth of the weeds, even though the weeds and the crops germinated synchronously.
It is clear from the experiments that weed growth was substantially less with barley than with field pea (Table 2 ). This was probably related to the greater inherent productivity of Pr. = minor weed species from perennating root and rhizome fragments; Sd. = minor weed species from seed. Lines delineate regions within the ordination field occupied by particular treatments.
Unplanted control plots occupy two disjunct regions of the ordination field. barley under the environmental conditions in which the experiments were conducted (Table 1) . With regard to actual competitive mechanisms, the fact that weed growth was already significantly less in barley plots at the Turkey Farm on 6 June, when total cover of crops plus weeds averaged only 64%, indicates that competition for light was probably only a minor factor. On the other hand, water-potential measurements on Amaranthus at Warren Farm (Table 4) indicated that competition for water was involved in barley's ability to dominate the community. Whether the greater drought stress of weeds in plots containing barley was due to physiological characteristics of barley or to the greater crop biomass in the barley and intercrop plots cannot be determined from our data.
The 1983 growing season was extraordinarily dry and it is possible that the results of these experiments would differ in a wetter year. Additional experiments by M. Liebman (unpublished data) in wetter growing seasons have shown that productivity of Brassica hirta (a weed not occurring in these plots) was substantial in pea, least in barley, and intermediate in intercrops, which lends some support for the generality of the results reported here. Weed suppression by barley may be partially due to allelopathy (Overland 1966) .
Although pea is not as competitive as barley, it can still have a large effect on weeds (Lawson & Topham 1985) . The low-density pea sole crop at Warren Farm produced an average of 164 g m-2 of biomass but decreased weed productivity by an average of 313 g m-2 relative to the unplanted controls. On the other hand, at the Turkey Farm a similar density of pea produced an average of 119 g m-2 but had little effect on the weeds ( Table  2) . The difference between the two experiments may be due to differences in the weed community. At Warren Farm the pea grew up in advance of the dominant weeds, thereby suppressing them to some extent, whereas at the Turkey Farm the dominant weed, Brassica kaber, matured synchronously with the pea and was thus less affected by its presence.
These experiments show no evidence that weed growth was least in the intercrop. In fact, at Warren Farm weed productivity was significantly higher in the intercrop than in barley. These results were not unexpected. A diverse community of perennial plants with species tightly packed in niche space through community assembly processes and with individual plants adjusted to one another by developmental plasticity might exclude invaders more effectively than a simple community. There is no reason to suppose, however, that assemblages of annual plants behave in this way. In a crop community, the weeds and crops germinate nearly synchronously in an environment with abundant resources, scramble for use of these resources, and stop growth before the effects of competition can be fully expressed. Thus, whether mixtures of crop species increase or decrease the competitive pressure on associated weeds depends on the particular crops and weeds. In these experiments, the pea plants acted as partial holes in the intercrop community. These holes were partially filled by barley through a plasticity response but also partially filled by weeds. Hence, at a given density, the intercrops tended to have more weeds than the barley.
Based on the comparison of weed productivity in the intercrop with the average weed productivity of the two sole crops, there is no reason to suppose that the effect of the intercrop on the weeds cannot be directly predicted from the sole crop effects (Table 5) . This result contrasts with that of Haizel & Harper (1973) , but is in accord with the findings of Fowler (1982) . When considered in terms of resources, the result is somewhat anomalous. Since the intercrop overyielded,-at least at the Turkey Farm, one would expect that it is exploiting resources more intensively than the mean of the sole crops and should therefore allow less weed growth. That this is not the case indicates that the competition between these two crops was qualitatively different from the competition between the crops and the weeds. Comparison of the low-density sole crops with the highdensity intercrop at the Turkey Farm (i.e. the additive series) confirms this hypothesis (Table 1) . For both barley and pea, the addition of the other crop scarcely changed crop productivity, but it did have a large effect on the weeds (Table 2 ). The mechanisms involved in these interactions are being investigated.
Comparison of weed productivity in the low-and high-density plots at the Turkey Farm (Table 2) confirms the well-established observation that weeds decrease as crop density increases (Arny et al. 1929; Godel 1935; Mann & Barnes 1945 , 1947 Staniforth & Weber 1956; Pfeiffer & Holmes 1961; Shetty & Rao 1981; Lawson & Topham 1985) . There was also a tendency for weed productivity to decrease as crop productivity increased, both within and between treatments (Figs 1 and 2) . However, comparison of the sole crops with the intercrops suggests that crop productivity and weed growth may be only loosley coupled.
Diversity and composition of the weed community Like weed productivity, weed diversity (species richness) at Warren Farm declined from unplanted controls to peas to intercrop to barley (Table 6 ). Apparently some of the rare weed species were eliminated, possibly even before emergence, by intense competition from the crops. The pattern was much less pronounced at the Turkey Farm although there was a tendency towards fewer species in the high-density treatments. The difference between sites could simply result from a difference in weed floras. More likely, however, it was due to the higher crop productivity at Warren Farm caused by fertilization. At the Turkey Farm, late-germinating species increased the species diversity of all treatments, but at Warren Farm such late-emerging plants would have a difficult time establishing, especially in the dense growth of the barley and intercrop plots.
The influence of cropping treatment on the relative composition of the weeds parallels the effects on total weed productivity. That is, there is a compositional gradient in the weed community which runs from barley to intercrop to pea to unplanted controls (Figs 3  and 4 ). In addition, at the Turkey Farm low-density treatments of a given crop type were compositionally more similar to the controls than were high-density treatments (Fig. 3) . Based on the species PCA scores (Figs 3 and 4 ), it appears that at both sites the dominant weed species (Amaranthus at Warren Farm and Brassica at the Turkey Farm) did relatively better than others in the unplanted controls and that other species had progressively greater relative importance in the pea, intercrop, and barley treatments.
There are two possible explanations for these shifts in relative productivity of the weeds. One is that the competitive interaction of the crops with the weeds was highly species specific. If this is the case, however, it seems strange that (i) the effects of pea and barley on weed composition, while differing in intensity, were still qualitatively similar (Figs 3 and 4) , and (ii) that differences in weed composition among treatments showed a similar trend in the two experiments, despite different weed floras. A better explanation is that the more dominant the crop was, the more suppressed the principal weed species became, thereby resembling the secondary weeds in stature and productivity. Thus, with greater competition from the crop, the relative composition of the weed community shifted from dominance by Amaranthus or Brassica to a more mixed assemblage.
A sequence of dominance among the species may have occurred, similar to the dominance hierarchies found by other workers (Grubb 1977 and references therein; Fowler 1982) . In the experiments reported here barley was the most competitive species in the system, followed by pea and then Amaranthus and Brassica, with the other weeds falling lowest in the hierarchy. Addition of a species of higher dominance class to the community resulted in a general suppression of the less competitive species. In these experiments, the response to suppression was mostly a decrease in growth after the community began to close. Mortality was low and biomass achieved before closure was largely maintained until harvest. Thus, for the secondary species, addition of the new dominant means a slightly earlier onset of the inevitable suppression and only a minor decrease in productivity, whereas the former dominant loses much of its potential productivity. As a result, planting a strongly dominant crop species or mixture not only reduces the productivity of the weeds present but also shifts the relative composition of the weed community. Such effects depend, however, on the potential dominance of the crop or crops planted, not on the diversity of the cropping system.
